ABSTRACT: The dynamics of a moderately exergonic photoinduced charge separation has been investigated by ultrafast time-resolved infrared absorption with the dimethylanthracene/phthalonitrile donor/acceptor pair in solvents covering a broad range of polarity. A distinct spectral signature of an exciplex could be identified in the −CN stretching region. On the basis of quantum chemistry calculations, the 4−5 times larger width of this band compared to those of the ions and of the locally excited donor bands is explained by a dynamic distribution of exciplex geometry with different mutual orientations and distances of the constituents and, thus, with varying charge-transfer character. Although spectrally similar, two types of exciplexes could be distinguished by their dynamics: short-lived, "tight", exciplexes generated upon static quenching and longer-lived, "loose", exciplexes formed upon dynamic quenching in parallel with ion pairs. Tight exciplexes were observed in all solvents, except in the least polar diethyl ether where quenching is slower than diffusion. The product distribution of the dynamic quenching depends strongly on the solvent polarity: whereas no significant loose exciplex population could be detected in acetonitrile, both exciplex and ion pair are generated in less polar solvents, with the relative population of exciplex increasing with decreasing solvent polarity. These results are compared with those reported previously with donor/acceptor pairs in different driving force regimes to obtain a comprehensive picture of the role of the exciplexes in bimolecular photoinduced charge separation.
■ INTRODUCTION
Since their first observation by Leonhardt and Weller in 1963, 1 exciplexes have been found to play a crucial role in many photoinduced charge-transfer processes. 2−5 They have indeed been invoked in intra- 6−10 and intermolecular electron transfer in solution, 11−17 in organic semiconductors for photovoltaics 18−23 and organic light-emitting diodes, 24−28 and in biological systems like DNA 29−32 and photosynthetic reaction centers, 33 sometimes under different names, such as chargetransfer excitons or excited charge-transfer complexes. All these monikers designate a species with an electronic structure between those of the reactants and products. In other words, an exciplex can be viewed as the result of an incomplete photoinduced charge separation (CS). Its formation and nature depends on several key factors such as the CS driving force, −ΔG CS , the polarity of the environment, and the distance between the electron donor (D) and acceptor (A). Partial charge transfer needs some spatial overlap of molecular orbitals of D and A, and it is thus present only at short distance. However, in liquid solution, bimolecular CS requires first the diffusion of the reactants and, if ΔG CS is significantly negative, CS can take place before D and A have reached a distance and/ or a relative orientation with a large orbital overlap, i.e., before a large electronic coupling is achieved. 34−38 This situation favors full charge separation, i.e., the formation of a radical ion pair rather than an exciplex (assuming that D and A are neutral closed-shell species). Such direct formation of ion pairs mainly takes place in highly polar solvents, where large driving forces can be easily achieved as a result of the stabilization of the ion pair product by solvation. On the other hand, exciplex formation is favored when ΔG CS is small, because of the nature of D and A and/or the weak polarity of the environment. In these cases, CS is possible only at short distance where both the electronic coupling and the Coulombic interaction are large and compensate for the small solvation energy. In solids, the frequently low polarity of the environment and close distance between the reactants favor the formation of an exciplex, or a charge-transfer exciton. The dissociation of such an exciton into free charge carriers requires the Coulombic attraction to be overcome. This is a crucial step that limits the efficiency of many photovoltaic systems. 39−42 As a consequence, a deep knowledge of the role of exciplexes in bimolecular photoinduced CS processes in environments of varying polarity is important not only for our basic understanding of electron-transfer processes but also for practical applications.
Exciplexes are spectroscopically elusive species. Their electronic absorption spectra are very similar to those of the ion pairs; thus, the distinction between these two intermediates is problematic. 5,43−45 In general, exciplexes are detected by their emission. However, because of their substantial charge-transfer character, the radiative rate constant is much smaller than that of the local fluorescence of the excited reactant. Consequently, measuring the ultrafast exciplex dynamics by gating techniques is generally not feasible. Insight into the nature of the primary quenching product, i.e., exciplex or ion pair, can be obtained by studying the effect of an external magnetic field on the nanosecond decay of exciplex fluorescence. 46−48 However, although powerful, this approach requires well-separated local and exciplex emission spectra.
Over the past years, time-resolved vibrational spectroscopy has proven to be the method of choice for obtaining deep structural insight into photoinduced processes. 52−57 We have recently demonstrated how time-resolved infrared (TRIR) spectroscopy can be advantageously used to distinguish different intermediates involved in bimolecular photoinduced CS processes when no significant difference can be detected in the visible region. 58−60 Tight ion pairs generated upon static quenching 61 and loose ion pairs formed by dynamic quenching could be spectrally differentiated using the methylperylene/ tetracyanoethylene (MePe/TCNE) D/A pair. 58 In a subsequent investigation with the cyanoanthracene/phthalic anhydride (CA/PA) pair in acetonitrile and tetrahydrofuran, distinct vibrational absorption bands associated with CO and CN stretching modes of the exciplex could be clearly detected. 59 Analysis of the temporal evolution of the excited reactant, exciplex, and ion pair population over the first 2 ns after excitation revealed that the formation and recombination of the ion pairs in tetrahydrofuran is taking place almost exclusively via an exciplex. Because of the small CS driving force of this D/ A pair, ΔG CS ∼ −0.1 eV in acetonitrile, investigations in solvents less polar than tetrahydrofuran could not be carried out.
We report here on our investigation of bimolecular photoinduced CS with a D/A pair consisting of 9,10-dimethylanthracene (DMeA) and 1,2-dicyanobenzene (phthalonitrile, PN) using TRIR spectroscopy in six solvents covering a broad range of polarity (Chart 1). For this, we used the highly polar solvents acetonitrile (ACN) and butyronitrile (BuCN), the medium polar solvents tetrahydrofuran (THF) and npropyl acetate (PrAc), and the weakly polar solvents n-butyl acetate (BuAc) and diethyl ether (Et 2 O). Because of the better redox properties of the reactants compared to the CA/PA pair, CS is still energetically feasible in solvents as weak as Et 2 O (Chart 1). Moreover, both DMeA and PN have good IR marker modes, such as the CC and CN stretching vibrations. Our study reveals that static quenching results in the formation of a short-lived exciplex, 61 whereas dynamic quenching leads to the parallel generation of a longer-lived exciplex and of an ion pair, with a ratio that depends on the solvent polarity. The herein obtained results will be compared with those from the above-mentioned D/A pairs (MePe/ TCNE and CA/PA) to draw a comprehensive picture of the role of exciplexes in these reactions. We will also demonstrate how valuable information on the electronic density in a bimolecular complex can be deduced from the shape and position of absorption bands associated with specific vibrational modes.
■ EXPERIMENTAL SECTION Chemicals. 9,10-Dimethylanthracene (DMeA, Alfa Aesar, 99%) was used as received. Phthalonitrile (PN, Fluka, ∼ 98%) was purified by sublimation before use. Acetonitrile (ACN, Fisher Scientific), butyronitrile (BuCN, Alfa Aesar), tetrahydrofuran (THF, Acros), n-propyl acetate (PrAc, Alfa Aesar), nbutyl acetate (BuAc, Acros), and diethyl ether (Et 2 O, SigmaAldrich) were of the highest spectroscopic purity and used as received.
Steady-State Spectroscopy. Absorption spectra were recorded on a Cary 50 spectrophotometer, and the fluorescence spectra were measured on a Cary Eclipse fluorometer.
Time-Resolved Fluorescence. Subnanosecond time-resolved fluorescence dynamics were measured using the timecorrelated single-photon counting (TCSPC) technique with the setup described in refs 62 and 63. Briefly, excitation was performed with a laser diode at 395 nm (Picoquant model LHD-P-C-400B). The pulse duration was 60 ps, and the full width at half-maximum (fwhm) of the instrument response function was about 200 ps. The emission was collected at magic angle after passing through an interference filter of 8 nm bandwidth at 450 nm. The absorbance of all sample solutions was <0.1 at the excitation wavelength in a 10 mm quartz cuvette.
Transient Electronic Absorption. Femtosecond transient electronic absorption spectra were recorded using the apparatus described in refs 64 and 65. The instrument response function had a fwhm of approximately 200 fs as obtained from measurements of the optical Kerr effect in ACN. The irradiance of the 400 nm excitation was about 0.5 mJ/cm 2 . The sample absorbance at 400 nm was <0.3 in a 1 mm quartz cuvette. The samples were stirred with a Teflon rod during the experiment to constantly refresh the excitation volume, thus avoiding sample degradation. Absorbance changes of less than 7% were observed during an entire experiment. Each experiment is the average of six measurements obtained by scanning the translation stage back and forth three times.
Transient Vibrational Absorption. Femtosecond transient vibrational spectra were obtained with the setup described in ref 60 and 66 . Excitation was performed with 0.6 μJ (0.6 mJ/ cm 2 ) pulses at 400 nm. The time-resolution of the experiment was around 300 fs as obtained from the absorption of a silicon wafer. The pulses were focused on the sample to a spot of 350 μm. Mid-IR probe pulses at around 4.7 μm (CN) and 7 μm Chart 1. Electron Donor (Chromophore), Acceptor, and Solvents. (CC) were generated by difference frequency mixing of the output of an optical parametric amplifier (Light Conversion, TOPAS-C with NDFG module). Detection was performed with a liquid nitrogen cooled 2 × 64 element MCT array (Infrared Systems Development), giving a resolution of 3−4 cm −1 (CN) and 1−2 cm −1 (CC). The average of 3000 signal shots was taken to collect one data point with the polarization at magic angle. This procedure was carried out 20− 30 times for each measurement and averaged. During each measurement, the sample was slightly moved vertically to hit different locations on the CaF 2 windows of the sample cell. To provide a new sample solution for each shot, a flow cell as described in ref 67 was used. The absorbance at 400 nm was around 0.22 on a 200 μm optical path length. No significant sample degradation was observed throughout the experiment. This was ensured by using a sufficiently large sample volume of up to 10 mL. No signal from solutions with PN only were obtained, and coherent effects due to the pump−probe overlap at zero time decayed within the first 200−300 fs in the pure solvents.
Quantum Chemistry Calculations. All the calculations were carried out at density functional theory (DFT) level in gas phase using the ADF package. 68, 69 The PBE functional was employed with the PEBx exchange correction and PBEc correlation term, 70 using a valence triple-ζ with one polarization function (TZP) as basis set.
■ RESULTS AND DISCUSSION
Steady-State and Time-Resolved Electronic Spectroscopy. Addition of PN to solutions of DMeA does not lead to any significant change in the S 1 ← S 0 absorption band of DMeA, and no new absorption feature associated with the formation of a D/A ground-state complex could be detected ( Figure S1 ). The absence of a ground-state complex is consistent with the modest electron-donating and -accepting properties of D and A, respectively. As a consequence, excitation at 400 nm leads to the population of the locally excited state of DMeA only, even at high quenching concentration. On the other hand, addition of PN results in a decrease of DMeA fluorescence intensity and, in THF and lower polarity solvents, a broadening of the low-frequency side of the spectrum (Figure 1 ). Subtracting the DMeA fluorescence spectrum after proper normalization from the emission spectrum of DMeA/PN gives a broad red-shifted spectrum that can be assigned to an exciplex. In ACN and BuCN, the small difference in spectral shape cannot be attributed to an exciplex and is probably due to a nonspecific solvent effect. The presence of exciplex emission is consistent with the small driving force (Chart 1).
In the absence of quencher, the fluorescence dynamics of DMeA measured by time-correlated single-photon counting is monoexponential with a lifetime, τ f , of the order of 8 ns (Chart 1, Figure S4 ). Upon addition of PN, the fluorescence decay is better described by a biexponential function with a fast component that accelerates with increasing quencher concentration and a slow component of low amplitude that has a 8−12 ns lifetime, independent of the PN concentration (Table S1 ). This biexponential behavior, which is more pronounced the lower the solvent polarity, is a typical indication of an equilibrium between the locally excited reactant and the quenching product that arises from the small energy gap between these two states. 71 Although pure exciplex emission can be detected on the low-frequency side of the local fluorescence, its intensity is too small to yield reliable time profiles. This weak exciplex emission reflects the substantial charge-transfer character of the transition. 72 The Stern−Volmer analysis of the steady-state fluorescence intensity yields quenching rate constants that are comparable to the diffusion rate constant in ACN and BuCN, and smaller in the other less polar solvents ( Figure S5 and Table S2 ). However, the Stern−Volmer analysis of the time-resolved fluorescence using only the faster decay component points to diffusion-controlled quenching except in Et 2 O, where the quenching is slower (Table S2 ). The smaller quenching rate constants obtained from the steady-state emission intensity result from the equilibrium between the locally-excited reactant and the quenching product. Simulations of the fluorescence decays measured in Et 2 O, where this effect is the strongest, using the Birk's excimer model 71, 73 confirmed that quenching is slower than diffusion (see Supporting Information).
Transient electronic absorption measurements confirm that fluorescence quenching originates from an electron transfer from DMeA in the S 1 state to PN. As illustrated in Figure 2 , the transient spectra in ACN show the decrease of the S n ← S 1 band at 585 nm and the parallel increase of bands at 655 and 420 nm arising from the DMeA radical cation, DMeA
•+ . 74 The PN radical anion, PN
•− , does not absorb significantly between 400 and 750 nm and cannot be detected here. 74 Similar spectra could be observed in all solvents, the only difference being that the DMeA
•+ bands are somewhat broader in the less polar solvents ( Figure S6 ). However, no additional spectral feature that could be ascribed to an exciplex was detected.
TRIR Absorption Spectroscopy. Experiments were performed in the mid-IR in all six solvents, measuring first the vibrational response in the CN region between 2040 and 2160 cm −1 ( Figure 3 , left column). All measurements were performed with 0.4 M PN except those in BuAc (0.3 M) and in (Table  S6) .
A larger time-dependence of the band shape can be observed upon decreasing the solvent polarity. In THF and less polar solvents, the early spectra consist of a single broad band centered at 2113 cm −1 . With the exception of Et 2 O, this band evolves into a spectrum with the two [−CN]
•− bands. However, the width of the [−CN]
•− bands as well as the signal intensity at the bottom of the dip between these bands (around 2113 cm −1 ) become larger upon lowering the solvent polarity. Moreover, whereas the intensity ratio of both [−CN]
•− bands is around one in ACN and BuCN, the intensity of the high-frequency band increases relatively to that of the other band when going to less polar solvents. This spectral evolution is not seen in the lowest-polarity solvent Et 2 O. Instead, the broad band observed at early time broadens further. However, this striking difference in Et 2 O is not related to the lower quencher concentration (0.05 M).Transient spectra in BuCN and THF at 0.1 and 0.2 M PN and in BuAc at 0.05 M PN exhibit the same spectral evolution as that shown in Figure 3 , but on a slower time scale, as expected ( Figures S8 and S9 ). The origin of this broadening in Et 2 O will be discussed in the next section.
The broad absorption feature observed at early time delay in BuCN and in the less polar solvents arises from the −CN stretching mode of another transient species than PN
•− , as the latter is characterized by two distinct bands located at lower and higher frequencies. The relative intensity of this broad band follows the same solvent dependence as the intensity of the exciplex fluorescence (Figure 1 ). Its shape and width are also very similar to those observed previously with the CA/PA exciplex. 59 Moreover, as discussed below, the position of this band coincides well with the CN stretching frequencies calculated for the partially charged quencher PN δ− . Therefore, this band is attributed to a DMeA/PN exciplex, more specifically to the [−CN] δ− stretching vibration of PN δ− in the exciplex.
TRIR measurements were also performed in the CC stretch region between 1510 and 1610 cm −1 where only aromatic ring vibrations of DMeA are probed. Indeed, PN exhibits only weak absorption bands in this region ( Figure S3 •+ aromatic ring vibration of DMeA •+ , in agreement with quantum chemistry calculations (Table S6 ) and with previous measurements on a similar anthracene derivative. 59 Compared to the spectra measured in the CN region, substantial differences can be noticed ( •+ band can be observed at early time delays, whereas a distinct band is already present in the CN region. Corresponding intensity-normalized spectra at 1 ps (red) and 1900 ps (purple). Additionally, the normalized spectrum in BuAc at 100 ps (green) is compared with that recorded at 1900 ps with 0.05 M PN (dashed purple).
The Journal of Physical Chemistry B Article Global Target Analysis. To obtain a deeper insight into the spectral evolution in both the CN and CC regions, global target analysis of the IR transient spectra was performed assuming sequential first-order steps with increasing time constants. 75 In all solvents, five steps were required to properly reproduce the data, except in Et 2 O where four steps were sufficient. The so-obtained time constants are listed in Table  S3 . Diffusion-controlled bimolecular photoinduced CS processes follow nonexponential dynamics. 76−79 As a consequence, these time constants cannot be attributed to a given reaction step but only reflect a relevant time scale of the overall process. Similarly, the associated spectra cannot be assigned to a given species or state but are so-called evolution-associated difference spectra (EADS).
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Contrary to what was assumed above from a superficial inspection of the transient spectra measured in the CN region (Figure 3) , global target analysis reveals that the first EADS in ACN not only shows the two [−CN]
•− bands of the anion but also contains a contribution from the exciplex [−CN] δ− band ( Figure 5 ). In the other solvents, the first EADS exhibits only the exciplex band, additionally to the [−CC−]* band of DMeA*. This EADS transforms in 1−2 ps into the second one that, in the most polar solvents (ACN and BuCN), contains only the ion and DMeA* bands. The contribution from the exciplex has entirely decayed to zero in these two solvents. However, there is still no ion contribution in the other solvents, and only the exciplex is present in the CN region. Compared to the first EADS, the intensity of the exciplex band is noticeably larger, e.g., by a factor 1.5 in THF, whereas that of the DMeA* band remains almost constant. This observation will be discussed below.
In all solvents except Et 2 O, this EADS evolves in ∼10−20 ps to the third one that transforms in 100−200 ps into the fourth EADS, which itself converts in ∼500 ps into the last. All three spectra exhibit the cation and anion bands. However, the presence of the exciplex [−CN] δ− band remains also clearly visible in THF, PrAc, and BuAc. Indeed, subtraction of the rescaled exciplex spectrum (either the first or the second EADS) from these three EADS yields spectra that are very similar to those measured in ACN and due to the anion only ( Figure S10 ). However, the differences from the ion spectra in ACN, already noticed in Figure 3 •− bands have a similar intensity in ACN and BuCN.
Interestingly, the exciplex contribution in THF, PrAc, and BuAc decreases when going from the second to the third EADS and increases again in the fourth and fifth EADS. This suggests that exciplexes are involved during two different stages of the CS process. This will be confirmed below when inspecting the time profiles of the [−CN] δ− band intensity. In Et 2 O, the third and fourth EADSs show the ion contribution in the CC region. In the CN region, they Table S3 ).
The Journal of Physical Chemistry B Article are still dominated by the exciplex band. In this latter region, these two EADSs are substantially broader than the first two. Subtraction of the first or second EADS from the fourth yields spectra with two bands at 2089 and 2130 cm −1 , which correspond to the [−CN]
•− stretching frequencies of PN
•− ( Figure S10) . Therefore, the broadening can be ascribed to the coexistence of exciplex and ions. Kinetics and Reaction Mechanism. The temporal evolution of the intensity at the peak frequency of the DMeA*, DMeA
•+ , PN •− , and exciplex bands is shown in Figure  6 . Except in Et 2 O, the decay of the DMeA* population can be approximated by a biexponential function. Around 15−20% of the initial amplitude has an 8−24 ps lifetime, and the remaining amplitude has a lifetime ranging from 100 to 350 ps depending mostly on the solvent viscosity (Table S4 ). In Et 2 O, the decay is slower because of the smaller quencher concentration and is almost exponential. Only 5% of the initial population decays with a 64 ps time constant, and the remainder has a 570 ps lifetime. Although a rigorous description of the quenching dynamics requires the use of an adequate model of diffusionassisted reactions, 76, 80, 81 which is beyond the scope of this study, the fast decay component reflects mostly the static and transient stages of the quenching, whereas the slow component is mainly associated with the stationary stage, the so-called dynamic quenching.
The time profiles of the DMeA •+ and PN •− bands are identical within the limit of error of the measurements. The small difference that can be noticed within the first 20 ps in PrAc and BuAc probably arises from a small contribution of the exciplex band to the intensity at the PN
•− band maximum (2087 cm −1 ). The ion profiles consist of a rise with a rate that increases with increasing solvent polarity followed by a slower decay that remains incomplete within the time window of the experiment. Such comparison could not be done in Et 2 O because of the strong overlap of the exciplex and anion bands. Deconvolution of the ion and exciplex contributions by band shape analysis proved to be unsuccessful because of too large a number of adjustable parameters.
As anticipated from the analysis of the EADS, the time profile of the 2113 cm −1 intensity reveals the presence of the exciplex at the earliest time delays in all solvents but Et 2 O. In ACN and BuCN, the exciplex band decays almost entirely during the first few picoseconds, in agreement with the disappearance of the exciplex contribution observed when going from the first to the second EADS ( Figure 5) . The exciplex band then rises again, but to an intensity that is smaller than that at early time. From then on, it follows the same time dependence as that of the ion bands. Because of this similarity and the weakness of the signal, it can be suspected that this slower dynamics is in fact due to the ions and does not originate from the exciplex, at least in ACN. Indeed, no clear contribution of the exciplex to the second and next EADSs can be unambiguously established in ACN. In BuCN, the intensity in the region between the two PN
•− bands is larger than in ACN and could originate from the exciplex. In THF, PrAc, and BuAc, the initial exciplex intensity increases over the first 3−5 ps after excitation before decaying partially and rising again to reach a larger intensity than the initial one. Afterward, the intensity decays once more, but on a slower time scale. The second rise of the exciplex band is essentially identical to those of the ion bands (Table S5 ). The apparently faster increase of the exciplex band in THF and less polar solvents originates simply from a larger initial value. On the other hand, the following decay of the exciplex band is faster than those of the ion bands. In Et 2 O, the exciplex intensity is initially very small and rises continuously up to 1.9 ns, the upper limit of the experiment.
The early and late formations of the exciplex could be related to the static and dynamics stages of the CS quenching, which are reflected by the nonexponential decay of the DMeA* population. The presence of exciplex signal at the earliest time delay indicates that the quenching dynamics of DMeA* has decay components that are too fast to be resolved in these measurements, where the first 300 fs were not taken into account in the analysis, because of the contribution of coherent effects to the transient signal. 82 Because static quenching is favored at high quencher concentrations, the measurements in BuCN and THF were repeated at 0.1 and 0.2 M PN. The spectra in the CN region obtained at these lower PN concentrations are very similar to those shown in Figure 3 , the only difference being a slower spectral evolution ( Figure S8 ). The time profiles of the exciplex intensity at different PN concentrations shown in Figure 7 reveal that the relative amplitude of the early exciplex population compared to that of the late exciplex decreases considerably with decreasing PN concentration, as expected for static quenching. These results reveal not only that the exciplex formation is bimodal but also that the early and late exciplexes are not identical as they are characterized by different lifetimes. This observation is analogous to that reported for the MePe/TCNE pair in ACN mentioned in the introduction. 58 There, the [−CN]
•− stretching bands of TCNE •− produced by static quenching were found to be frequency shifted and to decay The Journal of Physical Chemistry B Article much faster than those of TCNE
•− generated by dynamic quenching. In this case, no new band that could be ascribed to an exciplex was observed, and consequently, this difference was discussed in terms of two forms of ion pairs with different amounts of electronic coupling, namely tight and loose ion pairs. 58 A major difference between the MePe/TCNE pair and the DMeA/PN pair studied here is the much larger CS driving force of the former (−ΔG CS ≫ 1 eV). As a consequence, the charge-transfer character of the quenching product can be expected to be much higher than for the DMeA/PN pair, hence the absence of exciplex spectral feature.
By analogy with the MePe/TCNE pair, we interpret the early and late forms of the exciplex as tight and loose exciplexes, respectively. Different forms of exciplexes have already been proposed for the intramolecular CS in covalently linked D−A systems with a flexible alkyl chain spacer. 44 Here, however, tight exciplexes are predominantly formed upon static quenching between reactants at orientations and distances that favor a large electronic coupling and, thus, ultrafast CS. In this case, the electronic coupling for charge recombination is large as well, and consequently, tight exciplexes are short-lived. Because of this and of their small radiative rate constant, their fluorescence quantum yield is negligibly small. Loose exciplexes are rather generated upon diffusive encounter of the reactants and, as a consequence of suboptimal mutual orientation/distance, the electronic coupling is smaller but sufficient to yield nonzero oscillator strength for emission. Because of this smaller coupling, loose exciplexes are longer lived and they exhibit some fluorescence, despite a small radiative rate constant. These two forms should be considered as limiting cases, and a continuous distribution of exciplexes with intermediate coupling can be expected. 46, 83 This is also true for tight and loose ion pairs, which should be viewed as two limiting cases of a broad distribution. Tight exciplexes and tight ion pairs are both characterized by substantial electronic coupling, and the difference between these two intermediates is the extent of charge-transfer character, which depends on the CS driving force: when CS is weakly to moderately exergonic, static quenching should produce tight exciplexes, whereas when CS is more exergonic, static quenching yields tight ion pairs.
A multiexponential analysis of the time profiles of the DMeA
•+ , PN •− , and exciplex bands reveals that the buildup of the loose exciplex population is the same, within the experimental uncertainty, as that of the ion populations (Table S5 ). This is evidence that loose exciplex and ions are produced in parallel upon diffusional encounter of the reactants. Because of their relatively long lifetime and their build-up by dynamic quenching, the ion bands can be assigned to loose ion pairs.
The parallel formation of exciplex and loose ion pairs found here is consistent with a recent study of moderately exergonic CS using the magnetic field effect. 48 However, these results differ from those obtained previously with the CA/PA pair in THF, where the exciplex band was found to rise faster than the ion bands, indicating that, in that case, the exciplex was the primary quenching product and that ion pairs were produced almost entirely upon dissociation of exciplexes. 59 This different behavior can be again explained in terms of the driving force that is close to zero for the CA/PA pair in THF and around −0.3 eV for DMeA/PN in the same solvent.
The time profiles depicted in Figure 6 reveal that the exciplex decays faster than the ion pair. This is a clear indication that the recombination of the ion pair does not take place, at least not entirely, via the exciplex, as found previously with the CA/PA pair in THF. 59 The observed decays would be in principle compatible with a scheme in which the exciplex evolves almost entirely into an ion pair, which itself undergoes charge recombination. However, this would imply that charge recombination in the ion pair is faster than in the exciplex, which is in strong contradiction with the fact that electronic coupling is smaller in the former than in the latter. 37, 84 A more plausible scheme that accounts for the faster decay of the exciplex compared to the ion pair is illustrated in Figure 8 .
This scheme differs from that used previously to account for CS in the MePe/TCNE pair: 58 (i) the tight ion pair is replaced by the tight exciplex, and (ii) this scheme contains an additional intermediate, the loose exciplex, generated together with the loose ion pair.
Because of a decreasing electronic coupling, charge recombination slows down when going from the tight to the The Journal of Physical Chemistry B Article loose exciplex and to the ion pair. In addition to recombination, the loose exciplex can "collapse" into a tight exciplex or evolve into an ion pair. The latter process should mostly involve solvation and some rotational and/or translational diffusion of the constituents. The ion pair itself can dissociate further into free ions on a time scale longer than that accessible in the experiment 85 and can in principle also transform into a loose exciplex. However, the slower decay of the ion pair signal compared to the loose exciplex signal requires the equilibrium between these two species to be on the ion pair side.
This scheme can also be used to rationalize the solvent dependence of the CS dynamics:
(1) In highly polar solvents (ACN and BuCN), the CS driving force is large enough for dynamic quenching to yield predominantly loose ion pairs. On the other hand, static quenching occurs with strongly coupled reactant pairs and results in tight exciplexes.
(2) In medium polar solvents (THF, PrAc, and BuAc), the CS driving force is smaller and relatively larger coupling is required to enable CS. Therefore, both loose exciplexes and ion pairs are formed upon dynamic quenching. Because of the weaker driving force, CS is no longer much faster than diffusion and static quenching becomes less important. Consequently, the tight exciplex population decreases with the solvent polarity, as illustrated in Figure 6 .
(3) In the less polar Et 2 O, CS is only slightly exergonic and is slower than diffusion. As a consequence, static quenching is hardly operative. As CS requires substantial coupling between the reactants to take place, almost only exciplexes are formed. In this case, the distinction between tight and loose exciplexes is probably no longer relevant.
In general, the product distribution due to dynamic quenching should narrow and shift toward exciplexes as the solvent polarity decreases, because quenching cannot take place unless coupling is large.
Exciplex Bandshape. 59 In principle, the bandwidth is directly related to the lifetime and dephasing time of the vibrational excited state. In the present case, it is difficult to justify a 5-fold acceleration of these processes upon going from the ions to the exciplex. As a consequence, this large bandwidth most probably arises from a distribution of mutual orientations and distances of the D and A moieties in the exciplex. This distribution is most certainly not static, but fluctuates during the lifetime of the exciplex. Orientation and distance should affect the overlap of the molecular orbitals of the constituents and influence the chargetransfer character of the exciplex. To explore the effect of a change of the electronic density in the D and A units on the frequency of the vibrational modes that are monitored in the TRIR measurements, quantum chemistry calculations at the DFT level have been carried out. In the case of PN
•− , these calculations predict the antisymmetric and symmetric [−CN]
•− stretching modes at 2099 and 2141 cm −1 , in good agreement with the experimental values of 2087 and 2135 cm −1 (Table S6 ). For the neutral PN, a single absorption band is measured at 2233 cm −1 ( Figure S3 ), whereas the antisymmetric and symmetric −CN stretching modes are calculated to be at 2246 and 2242 cm −1 . This shows that not only the frequencies but also the frequency difference between the antisymmetric and symmetric modes, Δv ̅ CN , are very sensitive to the electronic density on PN. To explore this effect further, the frequencies of these two modes were calculated while continuously decreasing the charge on PN from −1 to 0. Figure 9 reveals that Δv ̅ CN is slightly negative for the neutral PN, zero at a partial charge of −0.1, and increases to about 42 cm −1 for the anion. These calculations also indicate that the intensity of both bands increases considerably with increasing negative charge ( Figure S11 ), in agreement with the negligibly small −CN bleach signal of PN around 2230 cm −1 . Moreover, the intensity ratio between the antisymmetric and symmetric bands is predicted to be slightly above 1 for PN
•− and to decrease to about 0.4 for PN ( Figure S12 ). This result agrees qualitatively well with the experiment, as illustrated in Figure 3 .
In the case of DMeA •+ , bands at 1527 and 1576 cm −1 are calculated (Table S6) , whereas only one band is experimentally observed at 1589 cm −1 (Figure 4 ). The lower-frequency band is predicted to shift by only −4 cm −1 upon going from DMeA
•+ to DMeA. Because of this small shift, the negative signal due to the bleach of DMeA and the positive band of DMeA •+ overlap and cancel out. Therefore, no transient band can be detected at this frequency (Figure 4 , right column) once the band due to the [−CC−]* vibration of DMeA*, which is also located here, has entirely decayed. The similar −CC− stretching frequencies of DMeA, DMeA*, and DMeA
•+ could explain why the 1531 cm −1 band remains almost unchanged when going from the first to the second EADS in THF, PrAc, and BuAc, whereas the exciplex band increases markedly ( Figure 5) .
A larger shift is predicted for the higher-frequency −CC− stretching mode, and indeed, bands at 1590 and 1620 cm −1 are experimentally observed for DMeA
•+ and DMeA ( Figure S3 ), respectively. However, this ∼30 cm −1 frequency shift remains much smaller than those observed with the −CN vibrations, especially that of 146 cm −1 measured with the asymmetric mode. Furthermore, the intensity of the [−CC−]
•+ band is much smaller than that of the [−CN]
•− bands; therefore, the [−CC−] δ+ exciplex band may simply be too weak to be visible.
These calculations fully support the existence of a distribution of exciplex geometry, hence of electronic coupling and charge-transfer character, as the origin of the anomalously large width of the [−CN] δ− stretching band. Because of the large overlap of the exciplex and ion pair bands, spectral differences between the tight and loose exciplexes cannot be stretching, respectively. However, the relative intensity of the donor band was much weaker than that of the acceptor band.
In that case as well, no band associated with the [−CC−] δ+ mode of the donor could be detected. This suggests that the observation of exciplex bands requires IR marker modes with at least two properties: (1) a larger absorption coefficient in the ionic than in the neutral forms and (2) a large frequency difference between the ionic and neutral forms. The −CO and −CN stretching modes fulfill both conditions when located on the acceptor, i.e., when the charge varies from 0 to −1. When located on the donor, their absorption coefficient decreases considerably upon going from the neutral to the cationic forms. In the case of the aromatic −CC− stretching modes, the first condition is often fulfilled but the second is generally not satisfied. This can be explained by the small change of C−C bond order brought about by the addition or the removal of an electron to an aromatic hydrocarbon as extended as anthracene. For the same reason, the −CO and −CN vibration frequencies change more upon addition of an electron when located on a small π-conjugated system, such as ethylene or benzene, than when present on a larger aromatic molecule like anthracene.
■ CONCLUSIONS AND OUTLOOK
This investigation is a further demonstration of the strength of TRIR spectroscopy for unraveling the details of bimolecular photoinduced charge separation processes. By investigating a D/A pair with a moderate driving force for electron transfer in solvents with a broad range of polarity, a deeper insight into the role of exciplexes was obtained. By monitoring the temporal evolution of the locally excited reactants, ions, and exciplex via their distinctive spectral features, we could evidence the existence of two forms of exciplexes: short-lived, tight, exciplexes generated upon static quenching and longer-lived, loose, exciplexes formed together with loose ion pairs upon dynamic quenching. Similarly to the ion pairs, these tight and loose exciplexes correspond to two limits of a broad distribution of exciplexes with different geometry, electronic coupling, and charge-transfer character, as indicated by the anomalously large IR bandwidth. All these intermediates differ mostly by the magnitude of the electronic coupling and chargetransfer character. The quenching product distribution depends on the driving force, which is itself influenced by the solvent polarity. The weaker the driving force, the higher the electronic coupling required for making charge separation feasible. Similarly, at small driving force, quenching is slower than diffusion and is thus purely dynamic. On the other hand, as soon as the intrinsic charge separation rate constant is larger than that of diffusion, static quenching is also operative. This is the case here in highly polar solvents, where static and dynamic quenching yield tight exciplexes and loose ion pairs, respectively. In medium polarity solvents, dynamic quenching generates loose exciplexes as well. Finally, in weakly polar solvents, the quenching is entirely dynamic and results predominantly in exciplexes.
This study complements two previous TRIR investigations performed with D/A pairs characterized by lower and higher driving forces. 58, 59 In the first case, the product of the quenching, which was purely dynamic, was found to be an exciplex and to be the precursor of ion pairs. 59 In the second case, no exciplex but two ion pair-like transients were detected: a short-lived tight ion pair generated upon static quenching and a longer-lived loose ion pair formed upon dynamic quenching. 58 The present investigation was focused on the nature of the primary quenching product. This knowledge is of crucial importance for many applications in which free ions or charge carriers have to be generated with high efficiency. The temporal evolution of these various intermediates on a longer time scale is being presently investigated and will be discussed in detail in a forthcoming paper.
The high sensitivity of the vibrational frequency of specific marker modes to the electronic density could be exploited in the future as a local probe of the extent of charge transfer in other D/A systems, where full charge separation is often assumed from the observation of ion bands in transient electronic absorption spectra. This approach should be especially fruitful for rigid D−A dyads for which the band broadening due to the conformational distribution is eliminated.
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